A thin Pd-Ag alloy film, which will be applied to fabricate membranes for hydrogen separation, was successfully deposited using an electroplating technique. The plating solution for the formation of a thin Ag-rich Ag-Pd film for electric contact consisted of PdCl 2 , AgNO 3 , HBr, and HNO 2 . An improvement of the electrolytic bath was achieved by a pH control, which was kept constant at 6.6 and by the addition of H 3 BO 3 and C 2 H 5 NO 2 . When the concentration of PdCl 2 in the bath was increased to 4 times as high as that of the reported bath, the deposited film had the preferable composition of 72 mass% Pd and 28 mass% Ag. It was confirmed by SEM observations, and XRD, and EPMA analyses that the deposited film possessed a negligible amount of cracks and pinholes and was composed of Pd-Ag alloy without exhibiting any concentration gradient along the film thickness.
Introduction
Pd-Ag miscible alloy membranes are utilized as a separation medium for the production of ultrapure hydrogen because of their excellent resistance against hydrogen embrittlement as well as their excellent hydrogen permeance and complete hydrogen permselectivity (permeated hydrogen purity, >99:99999). 1, 2) We reported the fabrication of a composite membrane of miscible Pd-Ag alloy membrane supported a porous substrate by using an electroless-plating technique about fifteen years ago. 3, 4) This membrane could be prepared by the film formation of Ag/Pd double layers, followed by consecutive heat treatment at a relatively high temperature above 1,073 K. Unfortunately, the mechanical strength of the supported metal layer of the membrane was insufficient, which can be probably attributed to crack formation in the metal layer along the grain boundaries due to the severe heat treatment. In order to allow milder heat treatment conditions, we have studied the co-deposition of Pd and Ag onto a porous alumina substrate.
For this purpose, the simultaneous deposition of Pd and Ag was previously investigated using electroless-plating, 5) which does not necessarily mean a formation of a miscible alloy without any heat treatment. The idea is that the deposited film will be transformed into the alloy by a mild heat treatment, if Ag is intermingled with the Pd clusters in a microscopic scale. However, Ag was predominantly deposited from an ammonia-alkaline plating solution including both Pd and Ag reagents in our cases. Shu and co-worker's results 6) are in good agreement with our results, and a similar tendency of the predominant deposition of Ag was observed. Various coordinating reagents were tested in order to reduce the difference in the redox potential between Pd and Ag.
Cheng and Yeung 7) succeeded in fabricating a Pd-Ag alloy composite membrane by controlling the plating rate based on a detailed kinetics investigation. However, a concentration gradient was still observed along the film thickness, and the hydrogen permeance was inferior to that of our reported PdAg alloy membrane. Metals are reduced according to the order of their redox potentials in the existence of relatively a large difference in the redox potentials between or among metal ions during binary or multi-component electrolessplating. This may be a serious disadvantage for binary or multi-component electroless-plating system. Recently, the co-deposition of Pd and Ag by using electroless-plating technique was reported by some groups, [8] [9] [10] [11] but the maximum content of Ag in the Pd-Ag film was 15 mass% in the case of Suzuki's group, 11) which is lower than the suitable value of around 23 mass%.
In this study, we investigated the applicability of electroplating for the co-deposition of Pd and Ag onto a conductive metal film system substrate used as the cathode will be possible. Co-deposition has been succeeded from a Pd-Ni bath by the electrodeposition technique. 12) Here, a reported plating bath developed for metal finishing of Ag-Pd electrical contacts with relatively high Ag content, 13) which is inappropriate for a hydrogen separating medium, was improved for the fabrication of a miscible Pd-Ag alloy membrane with the Ag content of around 23 mass%.
Experimental
The reported plating bath, 13) which was developed for the metal finishing of a Pd-Ag electrical contact, was improved to suit the fabrication of a Pd-Ag composite membrane for highly efficient hydrogen separation. The bath composition and plating conditions are summarized in Table 1 . First, Hull cell tests were conducted to obtain fundamental information on the reported bath. Based on the obtained information, we tried to reduce the concentration profile along the film thickness by controlling the plating conditions such as electrode selection, controlling the pH, and adding a buffer agent. A 10% potassium hydroxide solution (KOH) was used for the pH control. We then intended to control the concentration ratio of Pd to Ag in the bath in order to lower the Ag content in a deposit to about 23 mass% which is suitable for a hydrogen-separating medium.
After the reported plating bath was improved, the possibility of the co-deposition of Pd and Ag was investigated using a Pd-coated alumina plate or tube as a substrate. The coating procedure was the same as that of our Pd composite membrane, which was described elsewhere. 14) A thin Pd film was formed on a substrate material using the electroless-plating. Before the electroless-plating, the substrate material was carefully rinsed by trichloroethylene and ethanol, and then fine Pd nuclei as catalysts for the plating reactions were supported by the widely accepted two-step immersion procedure with stannous chloride (SnCl 2 ) and Pd chloride (PdCl 2 ) solutions. The plating time was about 30 minutes in order to coat the entire surface of a nonconductive alumina substrate with a thin Pd film.
The morphology of the surface of the deposited film was observed by SEM, and the concentration gradients of Pd and Ag along the film thickness were measured by an electronprobe microanalysis (EPMA) instrument equipped with scanning electron microscope (SEM). The crystalline phase was determined by X-ray diffraction (XRD) analysis. The XRD peak of a palladium-silver alloy appears between the peaks of pure Pd and pure Ag, because Pd and Ag form a complete solid solution.
Results and Discussion
Pd-Ag deposition tests from the reported plating bath were carried out in a Hull cell test apparatus with a Ti-Pt electrode. Unfortunately, the surface morphology of the resulting deposit was very rough and exhibits many cracks, which were easily observed on a Ti-Pt electrode case, independent of the current density. Typical results for pH variations during plating are illustrated in Fig. 1 . The pH value of the bath was varied from the initial 8.4 to 2.1 after 1 h plating. We speculate that this pH variation might be related to roughness of the deposit, and is caused by the decomposition of hydroxide ions in the vicinity of the anode surface via the following reaction:
Instead of the Ti-Pt electrode, we selected an Ag electrode because Ag could be easily eluted into the bath to keep the concentration of Ag ions at a constant level as well as avoiding the above reaction.
The utilization of an Ag electrode reduced the pH variation, as expected. The elution of Ag selectively occurred over the decomposition of hydroxide ions, resulting in a suppression of the pH variation during the plating. However, the surface morphology of the deposits was not improved to any degree by using an Ag electrode. Probably, fine particles of metal or metal-hydroxide precipitates, which were floating in the plating bath, were trapped in the deposit. Therefore, metal hydroxides might be formed due to the locally high concentration of hydroxide ions just around the surface of the electrode, due to the consumption of protons. The pH variation could be suppressed by adding a reagent with a buffering ability to the plating bath. A buffer reagent such as boric acid (H 3 BO 3 ), phosphoric acid (H 3 PO 4 ), pyrophosphoric acid (H 4 P 2 O 7 ), or various organic acids are usually added to a plating bath. H 3 BO 3 was selected because it is known to provide excellent buffer ability in a weak alkaline region around pH 9.
As shown in Fig. 1 , the pH variation in the bath was hardly observed by the addition of H 3 BO 3 . However, a lot of cracks and pinholes still existed in the deposited film. First, glycine (C 2 H 5 NO 2 ) was added to the bath for the purpose of further reducing the formation of cracks. It was found from experiments on the electroless plating of Pd-Ag and Pd-Cu systems that the addition of C 2 H 5 NO 2 to the baths is very effective for improving the surface morphology of deposited films among various coordination compounds. We doubted that C 2 H 5 NO 2 would work as well in an electroplating bath as in the electroless-plating bath. Surprisingly, the surface morphology was drastically improved by the addition of an appropriate amount of C 2 H 5 NO 2 , as shown in Fig. 2 . Furthermore, the effects of pH and current density of the boric acid-containing bath were studied. Typical SEM images of the deposit are shown in Figs. 3 and 4 . All the deposited films possessed a considerable number of cracks and pinholes. A relatively good surface morphology was observed at pH of 6.6 and a pH of 8.0. On the other hand, no apparent tendency was observed for the current density based only on the SEM images as shown in Fig. 4 . An adequate morphology was observed at both the current densities of 2.5 and 10.0 mA cm À2 . However, large cracks were sometimes observed with the naked eye for the films prepared with a high current density throughout these experiments. Thus,
No Addition
Addition, C 2 H 5 NO 2 (0. 10 mol l -1 ) 20 µm suitable plating conditions were determined as follows: Ag anode, pH of 6.6 (or 8.0), current density of 2.5 (or 10.0) mA cm À2 , and the addition of an appropriate amount of boric acid and C 2 H 5 NO 2 .
The concentration profiles of Pd and Ag along the film thickness prepared under the conditions of pH 6.6, current density 2.5 mA, and the addition of an appropriate amount of C 2 H 5 NO 2 were obtained using EPMA. In Fig. 5 , the concentration profiles are overlapped on the SEM images. The concentration profiles of Pd and Ag stay at a constant level within the deposited film, except for the area near the surface of the substrate material, where the Pd distribution has a peak corresponding to the Pd layer formed on the substrate. The deposited film consisted of 22.4 mass% Pd and 77.6 mass% Ag, calculated on the basis of the EPMA automatic calculation routine. The obtained bath used for the deposition of this film is denoted as the basic plating bath.
We intended to control the concentration ratio of Pd to Ag in the bath in order to have a lower Ag content in the deposit of 23-25 mass%, which is suitable for use as a hydrogenseparating medium. The composition of the basic plating bath (pH 6.6; current density 2.5 mA cm À2 ) was varied based on the following four strategies; (i) The Pd concentration was increased to be four times higher than that of the basic plating bath.
(ii) The Pd concentration was doubled. (iii) The Ag concentration was decreased to one-third, maintaining the Pd concentration. (iv) The Ag concentration was decreased to one-tenth. The contents of Pd and Ag in the deposited film were 72.3 mass% and 27.7 mass% for strategy (i), 64.5 mass% and 35.5 mass% for strategy (ii), 37.1 mass% and 62.9 mass% for strategy (iii), and 36.0 mass% and 64.0 mass% for strategy (iv), respectively. Among these four strategies, the first one produced a good composition. The composition and plating conditions of the improved plating bath are summarized in Table 2 . The thickness of the deposited film was 19.9 mm after 4-h plating. The EPMA result and XRD chart are shown in Figs. 6 and 7. Here, full scale for the Pd was changed in this measurement, so that the profiles of Pd and Ag shown in Fig. 6 cannot be directly compared with those of Fig. 5 . Note that the concentration gradient along the film thickness cannot be observed in Fig. 6 . In Fig. 7 , the measured peaks in the XRD chart are situated between the peaks of the pure Pd and pure Ag, indicating that the deposited film was a miscible Pd-Ag alloy. This means that thin Pd-Ag film can be formed on a porous substrate without any heat treatment. However, there are some pinholes still existed in the deposited film.
The formation of cracks is a fatal shortcoming for the application to a hydrogen-separating medium. In order to manifest the mechanism of crack formation, variation in morphology of a deposit was periodically checked by SEM. It was proved that cracks were formed along the boundaries of Pd grains deposited on a porous alumina substrate even at the initial stage of plating. We speculate from this finding that hydrogen embrittlement occurred by hydrogen produced by an electrochemical reaction in the vicinity of the cathode, resulting in the formation of cracks.
Instead of a Pd-coated porous alumina, non-porous Ag was used as a substrate. Before plating, physical etching was done to give adhesive quality to the Ag substrate. Figure 8 shows SEM images of the surface of the deposit on the Pd-coated alumina plate and the physically etched Ag plate. Apparent cracks were diminished for the physically etched Ag. This result supports our aforementioned speculation. Further study on the formation of Pd and Ag alloy and its application to a hydrogen-separating membrane is now being conducted using a porous stainless steel substrate with sufficient conductivity.
Conclusion
Pd and Ag were successfully co-deposited using an improved electroplating technique based on a reported plating solution including PdCl 2 , AgNO 3 , HBr, and HNO 2 , developed for the deposition of a thin Ag-Pd film for an electric contact.
13) H 3 BO 3 and C 2 H 5 NO 2 were added to the plating solution, and an Ag electrode was used as the anode for the purpose of reducing any cracks and concentration gradients caused by an abrupt pH variation during plating. When the concentration of PdCl 2 was increased about four times higher than that of the reported plating bath, the composition of the deposited film was 72.3 mass% Pd and 27.7 mass% Ag. The composition could approach the suitable range of 75-77 mass% Pd and 23-25 mass% Ag from the viewpoint of hydrogen permeability. It was confirmed by SEM observations and XRD and EPMA analyses that the deposited film had no cracks and was composed of a Pd-Ag alloy without a concentration gradient along the film thickness.
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